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Introduction
Global agricultural phosphate use has risen to almost 40 million tons per year, the majority being used for cereal crops (http://www.fao.org). The bulk of this demand is satisfied by the mining and processing of rock phosphate, a limited-resource that will cease to be viable before the end of this century (Khasawneh et al. 1986 ). The efficiency of uptake of added phosphate can be as low as 20% (Zhu et al. 2003 ) and, if not immobilized, much may pass directly to water courses with detrimental environmental consequences (Delgado and Scalenghe 2008) . It is clear that current levels of agricultural phosphate use are neither desirable nor sustainable. Today's crop yields, however, depend upon these additions, and commercial cereal varieties have been selected precisely because of their ability to thrive in high-input agriculture (Evenson and Gollin 2003) .
It is now widely acknowledged that one of the key challenges facing the agricultural and plant science community is the maintenance of yields, while reducing dependence on fertilizers (http://www.fao.org). Among the many avenues of research that may contribute to the resolution of this problem, the exploitation of arbuscular mycorrhizal fungi (AMF) has been proposed as a way to improve the efficiency of phosphate use in agricultural systems (Sawers et al. 2008) . The majority of terrestrial plants live in symbiotic association with AMF that grow both within, and surrounding, their roots (Smith and Read 2007) . The fungi rely upon plant carbon for growth and completion of their life-cycle. In return, the host plant receives mineral nutrients acquired by a network of extra-radical hyphae that effectively extend its root system. Where examined, crop species have retained the capacity of their wild-growing relatives to form associations with AMF and to benefit from them, especially when nutrients are limiting (e.g., Hetrick et al. 1992; Kaeppler et al. 2000; Koide et al. 1988) . Under high-nutrient conditions, however, the benefit of the symbiosis usually is diminished, and growth depression by mycorrhizas has been observed in several species Li et al. 2008; Smith et al. 2009 ). The challenge for plant breeders who wish to improve utilization of AMF in agriculture is to devise a sound conceptual framework for comparison of plant varieties and growing conditions, and for selection of improved crop germplasm (Sawers et al. 2008) .
Selection simply to maximize the difference in yield between individuals grown in the presence or absence of AMF, often referred to as the response to AMF, may not identify agriculturally useful variation. Plants can show a large response to mycorrhizal fungi because of their inability to grow without them (Janos 2007) . For example, maize mutants with disrupted root morphology that grow exceptionally poorly when nutrients are limiting can approach wild-type performance when colonized by AMF, thus are highly responsive (Paszkowski and Boller 2002) . Furthermore, poor performance of cereal varieties under limiting nutrient conditions in the absence of mycorrhizas often is correlated with the greatest response to AMF (e.g., Hetrick et al. 1992; Kaeppler et al. 2000; Koide et al. 1988; Zhu et al. 2001) . To describe this aspect of mycorrhiza response, Janos (2007) has defined the property plant ''dependence'', quantified relatively as the level of nutrient availability required by plants to achieve an arbitrary minimum level of performance in the absence of AMF. A large response to AMF that is attributable to high dependence likely is of little interest to plant breeders because at best it may be irrelevant to maximizing yield and at worst it may conflict with that objective. Nonetheless, it is important to take variation in the performance of non-colonized plants into account, especially when the plant varieties under consideration are diverse and their performance varies widely. Moreover, when the lines under consideration are inbred lines, historical varieties, or landraces, the overall level of performance will typically be inferior to that of an elite cultivated variety even for those lines that harbor potentially beneficial variation. To address this, Sawers et al. (2008) suggested partitioning variation in response to AMF into dependence-based and non-dependence-based components. It is the second of these sources of variation, i.e., differences in response that are not linked to variation in the performance of non-colonized plants, that is of greatest interest to plant breeders and geneticists working to optimize AMF for agricultural use.
The difficulties of comparing responses to colonization by AMF illustrate the general problem of analyzing variation in a trait that is based on a relative measure or index (Sawers 2009 ). While it can be attractive to assess plant qualities on the basis of relative performance between two growth conditions (e.g., with or without fertilizer, in the presence or absence of pathogens, under low or high salinity) there are a number of difficulties in considering a relative response in the same way as an absolute trait such as height or yield. The extent of the covariance in performance between the two environmental or treatment conditions cannot be estimated a priori (Falconer 1990 ). Where there is genetic potential for a degree of independence in variation, outlying levels of response can result from variation in performance under either condition. Typically, however, there is more interest in one growth condition than the other, with the aim not to identify the variety that performs exceptionally in the absence of fertilizer, when not diseased, under low salinity, or when not colonized by AMF. Therefore, it is useful to treat the two performance measures that constitute a response as distinct traits, and to make no initial assumption concerning their degree of co-variation in any given population.
Here, we present a method to eliminate the contribution to variation in plant response to AMF of differences in performance among non-colonized plants. We propose that the residual, non-dependence-based, variation can be employed to identify plant genetic variation useful in enhancing AMF promotion of crop yields. In addition, we compare the expectations of our method with the often-used ranking of varieties based on response measures. By analyzing both previously published and novel data, we re-examine the importance of AMF to modern crop varieties, and we assess co-variation of the performance of mycorrhizal and noncolonized plants. In line with prevailing research interest, we predominantly consider the impact of mycorrhizas on plant nutrient uptake, and we emphasize the role of the symbiosis in plant phosphorus acquisition. Nevertheless, our method is applicable to other phenotypic traits. Although we will draw the majority of our examples from the study of major cereal crops, our comments also apply to other facultatively mycotrophic (see Janos 2007) plant populations.
Materials and methods
Plant growth and performance measurement
Two maize inbred lines, Oh43 and Pa36, were grown with or without inoculation with AMF over a range of phosphate (P i ) availability. Factorial treatment combinations comprised six P i levels (0, 50, 100, 200, 400, 800 lM), two mycorrhizal treatments (non-mycorrhizal and mycorrhizal), and the two maize genotypes. These 24 treatment combinations were grown in a randomized complete block design with 5 replications for a total of 120 experimental units. Seeds were germinated in quartz sand for 2 weeks. Seedlings were then transplanted to 1,000-ml plastic pots filled with 750 ml of autoclaved loam: sand mixture (1:10). Plants were grown in greenhouse conditions maintained at 50% humidity and 28°C day/night temperature with a 12-h light period, including supplementary light when required. For mycorrhizal treatments, a mycorrhizal inoculum consisting of dry soil containing Glomus mosseae spores, hyphae, and infected roots generated from plants (Tagetes harmony) grown in this same soil was mixed with the autoclaved soil mixture (Paszkowski and Boller 2002) . Plants were fertilized three times per week with 100 ml of modified 19 standard Hoagland solution (Hoagland and Broyer 1936) containing variants of KH 2 PO 4 concentrations according to the P i dose. The concentration of potassium was maintained constant by addition of KCl as required. Plants were harvested &8 weeks after emergence and shoot dry weight was determined for each individual. Root samples were randomly collected, and colonization by AMF was quantified with stained roots by assessing the presence or absence of fungal structures (intra-radical hyphae, vesicles, and arbuscules) at 100 intersect-points per root as described by Gutjahr et al. (2008) .
Results
Methodology
Context and assumptions
To discuss intra-specific variation in the performance of mycorrhizal plants, we consider the analysis of a relatively large number of diverse, inbred varieties that provide a good sample of the broader population from which they were derived. We assume the availability of measures of performance of mycorrhizal (M) and noncolonized plants (NC) that accurately reflect the true genetic value of each variety and allow meaningful comparison among varieties. Throughout our discussion, we will not consider either environmental or error variation. The measures M and NC, however, do not need to relate to a single trait under a given environmental condition; they might represent parameters describing doseresponse behavior, performance integrated over a number environments, or arrays containing multiple performance scores. We assume that the conditions are such that there is a performance increase between mycorrhizal and noncolonized plants, and refer to such a difference as the mycorrhiza effect, a term we use in a purposefully broad and qualitative sense. In contrast, we will strictly define and compare a number of measures aimed at quantifying the mycorrhiza effect.
Partitioning variation in mycorrhiza effect
To partition variation in mycorrhiza effect, we present a linear model that describes population-level variation in the relationship between mycorrhiza effect and the performance of non-colonized plants. We begin by examining the use of absolute responsiveness as a measure of mycorrhiza effect. Following Janos (2007) , absolute responsiveness (R) is defined as the difference between the performance of mycorrhizal and non-colonized plants (Eq. 1).
In a population, variation in R can be partitioned into variation correlated with NC and other variation. Using a linear model, we can describe R as a function of NC and deviations,
where i is the axis intercept, a is the slope, and d are the deviations. Variation in NC between plant varieties will result both from differences in general growth requirements and from variation in plant components required specifically for asymbiotic growth. The former are expected also to affect the growth of mycorrhizal plants and to contribute to variation in M. The balance of the variation in M results from differences in components specific to mycorrhizal growth. It is those components that we wish to identify by using a genetic approach, and it is high-performing variation in those components that forms the logical target of breeding efforts to improve plant performance with mycorrhizas.
Substitution of Eq. 1 into Eq. 2 shows that regression of R on NC is equivalent to the direct regression of M on NC (Eq. 3)
Notably, the intercept and deviations are the same in the two regression equations and the slope of the regression of R on NC is simply the slope of M on NC minus 1. We emphasize that the key quantity is r(M, NC), and that calculation of R reveals nothing new about this relationship.
Variation in M can be partitioned using standard methods (Lynch and Walsh 1998) into that described by the regression on NC and deviations (Eq. 4)
The partition shown in Eq. 4 is similar to the distinction previously made by Sawers et al. (2008) between dependence-based and non-dependence-based variation. Here, we propose the more-accurate terms common and specific to describe the regression and deviation variance components, respectively; common variation, r 2 (regression), affects the performance of both noncolonized and mycorrhizal plants; specific variation, r 2 (d), represents outlying variation acting specifically on noncolonized or mycorrhizal plant performance. It is important to emphasize that the regression variance includes the covariance r(M, NC) and thereby includes any mycorrhizal effect shared by all varieties, including the effects of so-called ''mycorrhizal-specific genes'' (e.g., Güimil et al. 2005; Gutjahr et al. 2008) ; i.e., given a non-zero value for the intercept, an absence of deviation variation would not suggest an absence of mycorrhiza effect but rather an absence of specific variation. Where present, deviations represent outlying variation acting specifically on noncolonized or mycorrhizal plant performance alone. A positive deviation associated with a given line represents a level of performance of mycorrhizal plants above that expected from non-colonized performance in a given population. Such positive deviations are candidates for the beneficial non-dependence-based variation described by Sawers et al. (2008) .
The importance of common variation in determining differences in M in a given population is indicated by the coefficient of determination (r 2 ) of the regression (Eq. 5)
In the simple case of a standardized data set where
For a given population, the magnitude of the specific variation (1 -r M 2 ) is an important consideration in determining the suitability for a mycorrhiza genetic or breeding analysis. Note that although the regressions of M and R on NC have equal intercepts and the same deviations, the value of r 2 for the latter regression (Eq. 7) differs from that of the former
Substituting Eq. 1 for R, Eq. 7 can be expressed in terms of M and NC (Eq. 8)
In the simple case described above (Eq. 6) this is equivalent to,
Therefore, the relative contribution of common variation will be different depending on whether M or R is taken as the measure of mycorrhiza effect. Notably, in this case, as r M 2 becomes small, i.e., in the absence of co-variation of M and NC, the value of r R 2 will tend to 0.5.
Other measures of mycorrhiza effect
To compare mycorrhiza effect, researchers have used a variety of measures in addition to the absolute difference between M and NC (see Table 1 in Janos 2007). A widely used approach has been to weight the absolute difference relative to the performance of mycorrhizal or non-colonized plants. Such relative measures can be generalized by consideration of the ratios M/NC and NC/M. We note that in addition to being used directly, these performance ratios are equivalent to commonly quoted fold-change or percentage-change measures (discussed in Janos 2007). For example, the fold-change relative to NC, that we designate R 0 , can be calculated as:
Equation 10 can be re-arranged as:
The ratio of M over NC is equivalent to the differences of logarithmic transformations of NC and M and the regression of log(R 0 ) against log(NC 0 ) can be expressed as previously described for that of R against NC. If the relationship between log(R 0 ) and log(NC 0 ) is linear, however, the relationship between R 0 and NC will follow a power model. Consequently, in such cases, analyses that consider the relationship between R 0 and NC as linear will be biased, especially when considering varieties that exhibit extreme levels of NC.
Application to experimental data
To examine the ideas presented above using experimental data, we have reassessed two of the most significant studies of crop mycorrhiza effect: a collection of works addressing diversity in AMF interactions in wheat (Hetrick et al. 1992 (Hetrick et al. , 1995 (Hetrick et al. , 1996 and maize (Kaeppler et al. 2000) . For our purposes, we take treatment means from these studies to be good estimates of M and NC. Although there are additional sources of variation present in these experimental data, our analyses illustrate our foregoing presentation. We further investigate conclusions arising from our analysis of the published maize data with our own experiment.
Mycorrhiza effect in modern and landrace wheat sub-populations
Hetrick and co-workers performed a comparative analysis among cereal crop varieties and sub-populations (Hetrick et al. 1992 (Hetrick et al. , 1995 (Hetrick et al. , 1996 . Although the authors considered a number of small-grains in their work, their most extensive dataset involved Triticum aestivum, for which they collected performance data from mycorrhizal and non-colonized plants of 13 modern varieties and 7 landraces (Hetrick et al. 1992) . On the basis of their analysis they drew a number of important conclusions, the most relevant to the present discussion being that mycorrhiza effect is lower in modern crop varieties than in related landrace populations (Hetrick et al. 1992 ). The authors went on to hypothesize that the breeding process, conducted under high-input agricultural conditions, ''could have reduced the frequency of genes that foster the mycorrhizal associations.'' In later work, they conclude that lines for which mycorrhiza effect is small are ''lacking responsiveness genes'' (Hetrick et al. 1996) . This thought-provoking hypothesis remains central to the question of the agricultural utility of AMF, and it has been investigated further in wheat (Zhu et al. 2001 ) and other cereals (Koide et al. 1988; Wright et al. 2005) . In their published analysis, Hetrick and co-workers use the relative responsiveness measure R 0 expressed as a percentage. In their interpretation, the authors make an explicit link between differences in R 0 among varieties and the action of genes that we would link to specific variation. Following the above discussion, however, we hypothesize that a proportion of the variation in R 0 might be linked to differences in NC performance, i.e., what we have called common variation.
To investigate co-variation of M and NC in wheat, and to address the hypothesis that modern and landrace varieties differ with respect to mycorrhiza effect, we analyzed the T. aestivum data published by Hetrick et al. (1992) . We performed a linear regression of M against NC (measured as shoot dry weight) for the data set as a whole. The combined data shows a strong correlation between M and NC (r 2 = 0.74), a positive intercept (i = 0.82), and a positive slope (a = 1.1). Importantly, both landrace and modern varieties fell along the same regression line for M against NC (Fig. 1) . While there is evidence of only limited specific variation in this population (1 -r 2 = 0.26), we analyzed residuals to identify outlying lines. The varieties with the largest positive (cultivar Avalon) and negative (cultivar Newton) residuals both are modern lines, consistent with equivalence between the sub-populations (Table S1 ). Where the sub-populations do differ clearly is in the range of performance of non-colonized plants (t test of mean NC between modern and landrace populations: P \ 0.01). The landraces are over-represented among the most poorly performing plants, and it is this distribution, given the negative correlation between R 0 and NC, which principally results in a higher mean R 0 for the landraces than for the modern varieties. We conclude that the correlation between the performance of non-colonized and mycorrhizal plants is similar for both modern and landrace populations. There is no evidence to suggest that modern varieties have lost the ability to respond to mycorrhizal colonization, only that in this collection under the conditions of the experiment they show, on average, better performance when non-colonized than do the landraces.
Identification of suitable maize parents to isolate genes involved in AM symbioses
In their study, Kaeppler and co-workers quantified mycorrhiza effect in 28 mid-west US-adapted maize inbred lines (Kaeppler et al. 2000) . The aims of their work were to directly identify potentially useful variation in mycorrhiza effect and to identify outlying parents for further genetic analysis. Plant performance was measured as the shoot drymass of 6-week-old, greenhouse-grown plants. Following the analyses of Hetrick et al., mycorrhiza effect was calculated as R 0 (Eq. 13). Kaeppler et al. (2000) found that under low phosphorus availability all lines exhibited a positive growth response to mycorrhizal colonization. Values of R 0 (as a percentage)
ranged from a maximum of 800% (line B73) to a minimum of 106% (line Mo17). Consequently, the authors selected a population of B73 9 Mo17 derived recombinant inbred lines (RILs) to screen for detection of quantitative trait loci (QTL) associated with mycorrhiza effect. The loci subsequently identified, however, were found predominantly to be associated with variation in the performance of noncolonized plants. From their analysis as a whole, the authors concluded that ''differences in mycorrhizal responsiveness measured among inbred lines are determined primarily by variation among genotypes for growth at low phosphate in the absence of mycorrhizae and much less by variation in genotypes for their ability to respond to mycorrhizae''; i.e., in this population, differences in M are dominated by variation in common components. As stated previously, we propose that it is specific variation that is important from the perspective of crop improvement. Therefore, we sought to use partitioning of variance in mycorrhiza effect to statistically eliminate the observed NC differences and to identify lines with an outlying ''ability to respond''. On the basis of our methodology section, we predicted that the choice of measure of mycorrhiza effect would greatly influence interpretation of the Kaeppler et al. (2000) data, especially when an expectation was based on a presumed linear correlation between R 0 and NC. We calculated three different measures, M, R, and R 0 , from the low-phosphate performance data presented in Table 1 of Kaeppler et al. (2000) , and we performed regression analyses of the three measures on NC ( Fig. 2; Table 1 ).
Regression of M on NC reveals only a weak relationship between the performance of non-colonized and mycorrhizal plants (Fig. 2a) ; differences in NC have little effect on the expected value of M (a = 0.54), and the level of covariance between M and NC is low relative to the level of variation within the two treatment groups (r 2 = 0.14). This result clearly is not consistent with the published conclusion that there is little specific variation in this population. For this dataset, an analysis based on R gives a similar overall picture of the population; the position of the intercept remains unchanged, the slope is transformed by -1 and the value of r 2 is comparable (r 2 = 0.10) (Fig. 2b) . The regression of R 0 against NC can be well modeled using a power relationship (r 2 = 0.77) (Fig. 2c) . The linear fit, however, although strong (r 2 = 0.64) is clearly biased, especially at the high and low extremes of NC. There is no mathematical inconsistency between the coefficients of determination obtained with the different measures of mycorrhiza effect. There is, however, inconsistency in the biological interpretation. From a linear correlation between R 0 and NC, Kaeppler et al. (2000) stated that the majority of the variation in R 0 is explained by variation in NC. Although that is correct, we propose that the regression based on M, and the associated lower coefficient of determination, may best reflect co-variation of the performance of colonized and non-colonized plants and especially the true extent of specific variation in this population.
The steep regression slope and strong correlation between R 0 and NC mean that the ranking of individuals on the basis of R 0 will emphasize differences in the performance of non-colonized plants. Consequently, the lines selected as outliers by Kaeppler et al. (2000) (B73 and Mo17) were both the most extreme for R 0 and for NC, which is consistent with the subsequent finding of the QTL analysis. We consider these two lines to exhibit a dependence-based difference in responsiveness, the magnitude of which is exaggerated by the use of the measure R 0 . Following regression of M or R against NC, B73 and Mo17 fall close to the regression line, suggesting that the difference in M between the two lines is well explained by the level of NC growth, i.e., there is little evidence that the two inbred lines differ with regard to specific components or that they are exceptional in that regard (Fig. 2a, b) . Similarly, B73 and Mo17 fall along the regression line of R 0 against NC when a power model is used (Fig. 2c) . To identify alternative candidate lines outlying for mycorrhiza effect, we examined the deviations (d) from the regression analyses of M on NC ( Fig. 3 ; Table S2 ). The line Pa36 was identified when mycorrhizal as performing worse than expected from its NC value. In addition, a small group of lines, W37A, Oh43, and W59M, have levels of M exceeding the population expectation (Fig. 3) . Although the lines Oh43 and Pa36 also are identified by using R 0 (not shown), the lines W37A and W59M are not exceptional in the latter regression, a discrepancy that is consistent with the emphasis placed on NC by the use of R 0 . We propose that the measures M or R give a truer reflection of mycorrhiza effect than does R 0 , and that the lines Pa36, W37A, Oh43, and W59M potentially harbor variation in specific components which makes them good candidates for further study.
Phosphate dose-response behavior of the maize lines Oh43 and Pa36
Our identification of outlying maize lines Oh43 and Pa36 from the Kaeppler et al. (2000) data set was based on performance measures obtained under a single, low-phosphate environmental condition. As was recognized by Hetrick et al. (1996) , however, the level of mycorrhiza effect will change depending upon the environmental conditions. Not only can mycorrhiza effect change among environments, but the way it changes also can differ among plant genotypes. Formally, such differences are described as genotype X phenotype interactions, and they can result in re-ranking of varieties in different environments (Falconer 1990) . Therefore, the difference observed between the lines Oh43 and Pa36 could result because the low-phosphate condition fell at different positions along the dose-response relationships of the lines (Janos 2007) . Although a full genetic analysis of the differences between Oh43 and Pa36 will require the generation of novel mapping populations, it is possible to investigate M and NC phosphate dose-response relationships for these lines, as Table 1 Measures of mycorrhiza effect and regression analysis of the maize low-phosphate performance data of Kaeppler et al. (2000) Measure ( M shoot dry-mass of mycorrhizal plants (g), NC shoot dry-mass of non-colonized plants (g) Fig. 3 Residual plot for regression of the shoot dry-mass of mycorrhizal plants (M) against the dry mass of non-colonized plants (NC) for 28 maize inbred lines grown under low-phosphate (Kaeppler et al. 2000) . Lines discussed in the text are labeled described by Janos (2007) . In particular, such an investigation addresses the major concern arising from the single environment analysis, i.e., that the response of the lowperforming inbred line is underestimated and that under a diminished availability of phosphate the line Pa36 might show a large response to colonization by AMF.
To investigate their phosphate dose-response relationship, we grew the maize lines Pa36 and Oh43 with or without AMF inoculation at several levels of phosphate availability as described in ''Materials and methods''. We found that the level of mycorrhizal colonization changed with phosphate availability, but there was no significant difference between the two lines in the average total colonization (not shown). We fitted the performance of non-colonized and mycorrhizal plants with sigmoid curves as described by Janos (2007) according to the equation:
where m is the maximum level of performance (the asymptote), n is the performance with no additional phosphate (the y-axis intercept), and f is the phosphate level at the point of inflection (Fig. 4 , Supplemental methods). We employed this form of the logistic equation to incorporate parameters having simple biological interpretations.
To estimate dependence (Janos 2007) of the lines Oh43 and Pa36, Eq. 12 was re-arranged to calculate the level of phosphate required to sustain an arbitrary, low percentage of the maximum performance of non-colonized plants. To sustain 15% performance, the values were 99 lM for Oh43 and 26 lM for Pa36 (Fig. 4) , indicating that Pa36 indeed is less dependent than Oh43, possibly as a result of higher grain weight (1,000-grain weight: Oh43, 234 g; Pa36, 429 g). Even if the dependence difference were entirely attributable to grain weight, however, that does not preclude there also being a mycorrhiza-specific component to the variation observed between the lines. The benefits of mycorrhiza colonization, considered across a range of phosphate levels, may be manifested as a left shift of the dose-response curve of mycorrhizal plants compared to that of non-colonized plants, reflecting mycorrhizal plants given less phosphate than to non-colonized plants performing equally to them (an ''horizontal'' comparison) (Janos 2007) . The magnitude of such a shift can be quantified by comparison of the inflection point estimates for the M and NC curves (Fig. 4) . The line Oh43 shows a clear shift, corresponding to improved performance of mycorrhizal plants throughout the near-linear rise phase of the curve (Oh43: NC, f = 267 lM, SE = 20.6; M, f = 176 lM, SE = 14.7). In contrast, there is little shift for the line Pa36, and no significant difference in the position of the inflection points estimated for M and NC plants (Pa36: NC, f = 237 lM, SE = 23.3; M, f = 271 lM, SE = 41.0). Thus, there is no evidence for a strong mycorrhiza effect at any point along the Pa36 doseresponse curve, providing support for its selection as a low-responding parent. Consequently, we have begun to generate populations derived from Oh43 and Pa36 to further investigate the genetic basis of the phenotypic differences observed in mycorrhiza effect. 
Discussion
We have presented a method for partitioning genetic variance linked to differences in the performance of mycorrhizal plants into that which is correlated with variation in non-colonized performance and residual, specific variation which we propose to be of greatest interest to plant breeders. Stated informally, we seek plant lines that show a level of performance when mycorrhizal which is remarkable given their level of performance when non-colonized. Although primarily descriptive and best suited to a simple ranking of lines, our method could be adapted to consider error variation and thereby permit statistical estimation of variance components.
It is informative to compare our method with the oftenused ranking of lines on the basis of relative performance increase in the presence of mycorrhiza (R 0 ). We have demonstrated the potential for a linear model to describe the relationship between M and NC, but have shown that the relative measure R 0 may proffer misleading abstractions of the relationship. Varieties that conform to a population trend well described by regression of M against NC can appear to be outliers on the basis of ranking by R 0 . In the datasets we have examined, this effect is most pronounced for extreme values of NC, corresponding to a poor linear fit to the power relationship between R 0 and NC at the extremes of the curve. We suggest that this potential inaccuracy, especially the systematic over-estimation of mycorrhiza benefit in highly dependent varieties, has complicated the interpretation of the published data sets we have re-analyzed.
Variation in the performance of crop varieties grown under low-phosphate conditions has been well documented (e.g., Da Silva and Gabelman 1992; Koide et al. 1988; Zhu et al. 2001) , and such variation greatly affects measures such as R and R 0 . The analyses by Kaeppler et al. (2000) , Hetrick et al. (1995) , and others (e.g., Koide et al. 1988; Zhu et al. 2001) have recognized that tolerance of soil infertility reduces the benefit of mycorrhizal colonization. Although we have suggested that the use of R 0 exaggerates the importance of dependence differences in assessing variation in mycorrhiza effect, we do not contest that a highly dependent individual acquires a greater benefit from mycorrhizal colonization than a less-dependent one, nor do we question the physiological and ecological significance of such a responsiveness measure. Notwithstanding, plant breeding seeks to identify and select, not at the level of the whole plant but at the level of underlying genetic variation, and for that purpose interpretation of responsiveness measures can be problematic. In particular, we caution against assuming that little-responsive varieties lack ''responsiveness genes'' or that selective forces necessarily have acted against such a variety's ability to form functional mycorrhizas. Our interpretation is consistent with physiological studies that demonstrate mycorrhiza functionality in certain crop varieties even in the absence of growth effects .
With our dose-response data for maize lines Oh43 and Pa36, we have touched on the importance of measures of M and NC for meaningful comparisons. Although informative results can be obtained from data taken within a single environment, a range of environments may be required to understand truly the nature of variation in the trait of interest (Schlichting and Pigliucci 1998) . The simplest approach to analysis of full dose-response relationships may be to estimate a small number of summary statistics from fitted curves, although for a mycorrhiza effect, finding the differences between dose-response relationships with and without mycorrhizas complicates the analysis of variation. Nevertheless, a summary approach can be applied, for example, by using the positions of the inflection points of the M and NC curves, or by using R max as suggested by Janos (2007) . An alternative to the use of a single summary statistic is to analyze variation in the dose-response curves as a whole. For example, the technique of template mode variation (TMV) analysis quantifies the deviation of each curve from a template curve typical of the population (Izem and Kingsolver 2005) . One advantage of the TMV approach is that variation is broken down into a number of modes with no prior assumption as to which is the most important. Covariance of mode variation between mycorrhizal and non-mycorrhizal plants could be analyzed as we have proposed.
Our proposal to partition variation in mycorrhiza effect is motivated by advances in mycorrhiza biology that suggest there are plant molecular components that specifically characterize non-colonized or colonized plants. For example, physiological studies have revealed two distinct pathways of phosphate acquisition: a direct phosphate uptake pathway that functions in the absence of colonization, and a second mycorrhizal pathway that is activated following the establishment of symbiosis . The latter pathway can predominate in colonized plants and may completely suppress the direct pathway (Li et al. 2006; Smith et al. 2003 Smith et al. , 2004 Smith et al. , 2009 ). In consequence, variation in direct phosphate uptake need not affect phosphate uptake by colonized plants. Furthermore, certain transporters function uniquely, or predominantly, in mycorrhizal plants, while others have been linked with the direct pathway (Bucher 2007; Javot et al. 2007) . Isoforms that accumulate specifically in mycorrhizal plants have been identified among the members of other protein families including aquaporins (Uehlein et al. 2007) , membrane localized H ? -ATPases (Gianinazzi-Pearson et al. 2000; Krajinski et al. 2002) , chitinases (Salzer et al. 2000) , lectins (Frenzel et al. 2005) , and germin-like proteins (Doll et al. 2003 ). Molecular analyses collectively suggest genetic potential for independent variation in the performance of colonized versus non-colonized plants. Allelic variation in such genes would provide a molecular basis for the specific variation we identify with our regression analysis.
The increasing availability of molecular resources for major crop species is driving new approaches to the understanding of crop development and the selection of future varieties; sequence data facilitate the generation of markers and the identification of candidate genes; expression platforms are taking the measurement of traits from the purely morphological to the level of gene action; quantitative trait loci (QTL) and association analyses are beginning to make the link between traits and the genes that govern them. The underlying aim, however, remains that of correlating phenotypic and genetic information. Accurate assessment of the trait of interest thereby remains the foundation of any successful study. We hope that our suggestions for partitioning mycorrhiza effect will aid in the clear identification of meaningful variation, and thereby will support modern molecular breeding approaches in improving the utility of AMF in agriculture.
